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1. Purpose

This engineer technical letter (ETL) provides
guidance for designing pile foundation layouts that
will minimize the risk of pile interference.

2. Applicability

This ETL applies to all US Army Corps of Engi-
neers (USACE) elements and USACE Commands
having civil works responsibilities for the design of
civil works projects.

3. References

a. EM 1110-2-2906. "Design of Pile
Foundations."

b. Civil Works Construction Guide Specifica-
tion CW-02315. Apr 1990. "Steel H-Piles."

c. Wolff, Thomas F. Apr 1990. "PILINT: A
Software Package Designed for Pile Interference
Analysis," Research report prepared for US Army
Corps of Engineers, Michigan State University.

d. Wolff, Thomas F. Sep 1990. "User's
Guide: Pile Group Interference Probabilistic Assess-
ment (CPGP) Computer Program," Contract report
to US Army Engineer Waterways Experiment
Station.

4. Summary

a. Deterministic methad In many cases, adher-
ence to normal specification tolerances for pile
location and alignment (Reference 3b) will elimi-
nate the possibility of pile intersection. The

deterministic solution for the minimum pile spacing
required to preclude intersection is provided in
Enclosure 1.

b. Probabilistic method.Where long piles are
to be driven at close spacings, there may be some
likelihood of pile intersection. Recent research
(References 3c and 3d) has developed a probabil-
istic method and computer solution (CPGP) to
assess the risks of such intersections. The work is
summarized in Enclosure 1. The probability of
intersection for a single interior pile in a large
group is determined as a function of pile diameter,
length, spacing, camber, batter, and the expected
standard deviations of the ground placement errors
and alignment errors. The probability distribution
for the number of intersections in the group is
determine from the probability of intersection for a
single pile and the layout of a group.

c. Chart solutions and example®ile layout
to minimize interference is provided in Enclosure 2.
Chart solutions for the probability of intersection of
an interior vertical pile in a uniformly spaced group
have been developed using CPGP and are provided
in Enclosure 3. For batter piles and other cases not
covered by the chart solutions, the probability of
intersection for an interior pile can be determined
using CPGP. In both cases, the expected number of
intersections and the probability distribution for the
number of intersections in an entire group can be
determined using CPGP. Three example problems
are provided in Enclosures 4 through 6.

d. Risks and consequence®/here accurate
cost information can be assigned to the occurrence
of a pile intersection, the economic consequences
can be determined as the product of the expected
number of intersections times the cost per inter-
section. The cost of intersection may include costs
of pulling damaged piles, furnishing and redriving
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new piles, and delay costs. This idea should not be
construed as a directive to design for the minimum
costs allowing for intersection. When making de-
sign decisions, such an analysis can provide a quan-
titative means to assess the risk associated with
designing a pile layout where intersection may
theoretically occur but is statistically unlikely. The
example in Enclosure 4 illustrates such an analysis.

5. Action

a. Pile layouts In normal circumstances, pile
layouts and specification tolerances (Reference 3a)
should be developed so as to eliminate the possi-
bility of pile intersection. The deterministic method
described in Enclosure 1 should be used to deter-
mine the minimum pile spacing necessary to pre-
vent intersection. For foundations requiring long
piles or close pile spacings, it may not be practical
to prescribe layouts and tolerances that preclude
theoretical intersection. For these cases a probabi-
listic analysis should be made using CPGP as
described in Enclosure 1. The combination of pile
diameter, length, and spacing for final designs
should be such that the probability of intersection
for individual piles is less than 0.002 and the
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expected number of intersections for groups is less
than 0.5. Requests for deviations from these crite-
ria should be made in consultation with the Office,
Chief of Engineers (OCE) and should include an
assessment of risks and consequences.

b. Specifications Pile driving specifications
should prescribe a course of action for suspected
cases of pile intersection. This should include a
requirement for measurement of the as-driven loca-
tion and alignment to verify that specified toler-
ances were met before ordering a pile pulled for
inspection. Enclosure 2 provides suggested speci-
fication wording.

c. Actual pile placement dataln the proba-
bilistic method, the probability of intersection for
single piles is a function of the standard deviation
of the pile placement and alignment errors. The
recommended default values for these standard
deviations were obtained from data on one major
project but are believed to be consistent with
general practice. Districts are encouraged to expand
this data base by measuring as-driven locations and
alignment of driven piles.

ey, —————— |

Acting Chief, Engineering Division
Directorate of Civil Works
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PILE LAYOUT TO MINIMIZE INTERFERENCE
SUMMARY OF DETERMINISTIC AND PROBABILISTIC METHODS

1. Construction Specifications and
Tolerances

The theoretical ground location for piles is normally
shown on construction drawings and laid out in the
field by a survey crew. As it is impractical to drive
a pile at precisely the theoretical location, specifi-
cations provide for some tolerance or deviation
between the theoretical location and actual location.
A commonly specified tolerance (References a, b, e,
f, and h) is 3 in., although deviations as great as

6 in. are sometimes allowed for timber piles, where
the nonuniform shape makes it difficult to hold the
pile in position during driving. Likewise, it is
impractical to drive a pile precisely vertical or
precisely at the specified angle or batter. Specifica-
tions usually allow a deviation from vertical or from
the theoretical batter in the range of 0.15 to

0.50 in./ft, with 0.25 in./ft (Reference b) being a
common value.

2. Spacing to Avoid Interference --
Deterministic Solution

Assume that two adjacent piles of length L are
driven at the maximum permissible deviation,
AX..» from the specified location and are inclined
at the maximum permissible deviation from plumb,
Ap,.. - If these deviations are combined in the
most unfavorable directions, as shown in Fig-

ure 1-1, a minimum pile spacing can be determined
that will ensure that no intersections occur, provid-
ing that the piles are in fact driven within the
tolerances. Neglecting the minor difference in
apparent pile diameter due to the pile inclination,
the resulting minimum center-to-center pile spacing,
AX i 1 IS:

AX in = 2 piles * 1 /12 in. * [AXqa

+ (LApyay) + D/2]
or

AX min = (1/6)@Xmax + LApmax + D/2)
where

AX ., is the minimum allowable center-to-
center pile spacing in feet

Enclosure 1 1-1

DX,y 1S the maximum permissible ground
location error in inches (typically 3 inches)

AP, IS the maximum permissible inclination
error in inches per foot (typically 0.25 in./ft)

L is the pile length in feet

D is the pile diameter or width in inches
Where AX,,, is less than the specified pile spacing,
pile intersection can only occur if the piles are

driven out of tolerance, and no further studies are
necessary.

\

Figure 1-1. Deterministic solution for minimum
pile spacing

3. Spacing to Avoid Intersection --
Probabilistic Solution

For a pile layout consisting of 14 in. diameter piles
100 ft long, the equation above gives a minimum
spacing of 70 in. or 5.833 ft; hence piles spaced on
5 ft centers could theoretically intersect. However,
the probability of one or more such intersections
may be quite low, and perhaps tolerable. As shown
in Figure 1-2, the location of a pile at any depth
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Zone of Possible
Interference
Region of Tolerable

Pile Locations

Figure 1-2. Basis of probabilistic solution

may be viewed as a two-dimensional area at a
random location in a much larger area representing
all the possible locations. Furthermore, certain
locations, such as those corresponding to small
deviations, are more probable than other locations,
such as those corresponding to extreme deviations.
For an intersection to occur, the pile location at
some depth must overlap that of another pile, which
is also random. The coincidence of two random
locations overlapping at some depth has a proba-
bility which can be calculated, at least approximate-
ly. The resulting probability value can then be used
to assess the probability of one or more intersec-
tions occurring in a group of a given size. A
method and computer solution for assessing such
probabilities have been developed (Reference j).
The basis of the method is summarized below. A
detailed user’s guide for the program package,
CPGP, is available (Reference f).

1-2

4. Estimating the Probability of Intersection
for a Single Interior Pile

a. Assumptions A typical interior pile in a
large group is illustrated in Figure 1-3. The piles
are assumed to be uniformly spaced at distances
AX in the x direction and AY in the y direction.
Furthermore, the piles are assumed to be round with
diameter D and length L. As the intent of the
analysis is to estimate the order of magnitude of the
intersection probability rather than a precise value,
rectangular piles and other shapes are modeled as
equivalent round piles. The piles are assumed to be
rigid; hence intersections are assumed to occur only
from unfavorable location and alignment combina-
tions, not from deflection by a boulder or similar
obstruction.

AX AX AX

O O O O«
O O O OF
O 0O O OF

O O O O+%

Figure 1-3. Typical interior pile in group

b. Definition of variables The relationship of
the theoretical pile location to the driven location
and alignment are shown in Figure 1-4. The
ground location of a driven pile is assumed to devi-
ate from the theoretical location by two placement
error componentddx andAy. The slope of the pile
is assumed to deviate from the vertical or the theo-
retical batter by two alignment error components,
the batter errorAb, and the plumb erro)p, where
Ab andAp are expressed in inches/foot. The batter
error is defined in the plane of the crane boom
travel, and the plumb error is defined perpendicular
to the batter error. In the field, the batter error may



Figure 1-4. Definition of placement and
alignment errors

be smaller than the plumb error as the crane opera-
tor has better control when aligning the pile and
leads in this plane. The four error variablés,

Ay, Ab, andAp arerandom variables They cannot

be assigned specific values as their values vary
from pile to pile, but they can be defined in terms
of a probability distribution. That is, probabilities
can be associated with the value of the random
variable being greater than or less than any particu-
lar value.

c. Probabilistic analysis If one assumes that
reasonable probability distributions can be defined
for the four error variables, the probability that the
axis of the pile will pass through any point in the
ground can be determined. In concept, the proba-
bility that the pile will intersect another is deter-
mined by calculating the probability that the first
pile will pass through a given point and a second
pile will pass through the same point, and then
integrating or summing over all such possible points
and all possible second piles. The software package
CPGP solves for the probability of intersection
using a random number simulation ktonte Carlo
analysis. Rather than perform complex integrations,
the program repeatedly simulates the driving of a
pile and eight surrounding piles, as shown in
Figure 1-5. For each trial simulation, random
values for the four error variables are generated for
each of the nine piles, for a total of 36 random
values. The axis locations of the piles are calcu-
lated, and a check is made whether the distance
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Figure 1-5. Typical nine-pile group for analysis

from the axis of the interior pile to the axis of any
other pile is less than the pile diameter at any
depth. If so, an intersection would occur for that
particular combination of the 36 error values. The
simulation is repeated for a large number of trials,
each with newly generated random values for the
error variables. The error values are generated such
that, in the long run, the distribution of their values
matches the assumed probability distributions. As
the number of trials becomes large, the ratio of the
number of trials with intersections to the total num-
ber of trials provides an increasingly accurate esti-
mate of the probability of intersection.

d. Probability distribution for the error vari-
ables The four random variables characterizing the
pile placement and alignment errors, Ay, Ap,
andAb are assumed to fit the normal, or Gaussian,
distribution found in most standard statistics books.
This assumption is justifiable and convenient for a
number of reasons:

(1) The normal distribution is bell-shaped and
symmetrical. If the pile is assumed to be driven, on
the average, at the theoretical location, then small
deviations are more likely than large ones, and
deviations are equally likely in either direction.
These properties are consistent with expected con-
struction practice.
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(2) The normal distribution is commonly used to
model random errors in a variety of systems; in
fact, its development traces from error analysis.

(3) The normal distribution is completely
defined by two parameters, the mean and standard
deviations; if these are specified for the error vari-
ables, their entire distributions are defined and the
probability of the variables assuming any set of
values is readily calculated.

(4) Normally distributed random numbers are
easily generated by simple computer algorithms.

The means of the four random error variables are
taken as zero. This implies that, on the average, the
piles are driven at the theoretical location and align-
ment. The standard deviations of the error vari-
ables,oy,, O, Op, anda,, define a measure of the
scatter of the possible values about the mean. As
the normal distribution extends to plus and minus
infinity, the variables can assume any value;
however, as illustrated in Figure 1-6, the values
have a practical range of 3 to 4 standard deviations.

For a normally distributed random variable,

68.27 percent of all values will lie within one stan-

dard deviation from the mean, 95.45 percent within
2 standard deviations, 99.73 percent within 3 stan-
dard deviations, and 99.994 percent within 4 stan-

dard deviations.

e. Default values for the standard deviation of
the error variables The software package CPGP
provides default values for the standard deviation of
the four error variables. If better data on the
expected deviations are available, other values may
be specified at the time of program execution. The
standard deviations are used by the random number
generator to scale the variation of the generated
error values. The default values were selected to be
consistent with both actual construction and normal
tolerances. In a reasonably well-controlled manu-
facturing or production process aimed at producing
products within a tolerance, the acceptable toler-
ances will typically correspond to bounds of two to
three standard deviations from the mean value (Ref-
erence j). Assuming that this is the case and the
pile deviations are normally distributed would imply

Standard Normal Distribitio
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Figure 1-6. Standard normal distribution
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that 4.55 percent (9 to 0.27 percent @) of the

piles will be driven out-of-tolerance and either
rejected or erroneously approved, and specified
tolerances should be met 95 to 99 percent of the
time if "normal” pile driving practice is followed.

To assign the default standard deviations for the
error variables in the program, actual data on driven
piles at Locks and Dam No. 26 (Replacement) were
evaluated, and the standard deviations of the errors
were compared to tolerances. The default values
and their relation to usual tolerances are shown in
Table 1-1. Using the above default values and
tolerances, the program will generate location errors
that exceed usual tolerance 4.55 percent of the time,
batter errors that exceed usual tolerance 1.24 per-
cent of the time, and plumb errors that exceed usual
tolerance 9.70 percent of the time. If normal in-
spection procedures will detect and correct most
cases where tolerances are exceeded, use of the
default values should lead to a conservative estimate
of intersection probability.

f. Program use Detailed instructions for using
the software package CPGP are contained in the
user’s guide (Reference h). The software package
is written for IBM compatible PC’s using the MS-
DOS operating system and has the capability of
modeling vertical or battered piles, and straight or
cambered piles. The probability of intersection for
a single interior pile is evaluated as a function of
pile diameter, length, spacing, batter, and the stan-
dard deviations of the four error variables. Because
of the iterative nature of the simulation program,
and the fact that confidence limits on the solution
are inversely proportional to the square root of the
number of trials, running times can be relatively
long (as much as two hours on an 80386 microcom-
puter with 80387 math coprocessor).
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5. Chart Solutions

Due to the relatively long running time for the
simulation program and its potentially infrequent
use, a set of chart solutions has been prepared for
vertical, uncambered piles using the default values
for the random error variables and assuming that
the pile spacing is equal in both directions. These
charts are provided in Enclosure 3. For many
cases, these charts will provide sufficient informa-
tion to determine the probability of intersection for
a single interior pile. Where piles are to be driven
on a batter, or where different values for the stan-
dard deviations of the error variables are assumed,
it is necessary to run the simulation.

6. Estimating the Probability Distribution
for the Number of Intersections in a Pile
Group

a. Equivalent number of interior pilesThe
probability of intersection for a typical interior pile
is desired to obtain the expected number of inter-
sections and the probability of 0, 1, 2, etc., intersec-
tions in a large group of piles. Special consider-
ations must be made for the exterior and corner
piles in a group. As an exterior pile has adjacent
piles in only two of four quadrants, it is approxi-
mated by a statistically equivalent to one-half an
interior. Likewise, the corner piles in a group are
approximated by statistically equivalent of one-
fourth an interior pile. While the approximations
for the exterior and corners are not exact solution
for probability distribution of these piles, they do
provide sufficient accuracy for this application.
Thus, the equivalent number of interior piles in a
group can be taken as:

Table 1-1
Standard Deviation Versus Tolerance

Program Default

Value for Usual
Variable Standard Deviation Tolerance Tolerance/Std. Dev.
Ax and Ay 0,=1.51in. 3.0in. 2.0
Ab 0,,=0.10 in./ft 0.25 in./ft 25
Ap 0,,=0.15 in./ft 0.25 in./ft 1.666

1-5
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Interior piles + (1/2) exterior piles
+ (1/4) corner piles
For a group of m rows by n columns, this becomes:
(m-2)(n-2) + (1/2)(2)[(m-2)+(n-2)] + (1/4)(4)
Expanding and collecting terms, this becomes:
EIP=mn-m-n+1

where EIP is the number of equivalent interior
piles. For example, a 20 by 40 pile group would
have 800 actual piles and 741 equivalent interior
piles.

b. Expected number of intersection¥he sim-
ulation model calculates the probability that the
center pile of a nine pile group will intersect an
adjacent pile. If a group of piles is considered, an
intersection is not an independent event as every
intersection involves two piles. However, a conser-
vative estimate of the total probability of intersec-
tion can be obtained by assuming independence and
employing the binomial distribution. This is
analogous to assume that driving pile 18 into
pile 21 is a different event than driving pile 21 into
pile 18. In probability theory, the binomial distribu-
tion is used to predict the probability of the number
of "successes" x, that will occur in a set of n inde-
pendent trials when the probability of success is p
for each trial. For the problem at hand, a pile inter-
section is considered a "success" in the probabilistic
sense. The expected number of successes, or inter-
sections, |, is given by:

E[I] = Np

where N is taken as the equivalent number of inte-
rior piles. Thus, for the example 20 x 40 pile
group, if p has been previously found to be 0.002
for a single pile:

E[I] = (741)(.002) = 1.482

The expected value of 1.482 is the best estimate
that can be made of the probable number of inter-
sections. If a cost can be identified for the occur-
rence of an intersection, then the expected number
of intersections times the cost per intersection repre-
sents the financial risk.

1-6

c. Probability distribution for the number of
intersections Although the expected number of
intersections for this example is 1.482, the actual
number of intersections must be a member of the
set 0, 1, 2, ... According to the binomial distribu-
tion, the probability of x intersections is:

g NI

P = B AP

Replacing x with | and continuing with the exam-
ple, the binomial distribution gives:

Pr(1=0) = 0.22685Pr(I>0) = 1.0 - 0.22685
= 0.77315
Pr(1=1) = 0.33686Pr(I>1) = 1.0 - 0.22685
- 0.33686 = 0.43629
Pr(1=2) = 0.24978Pr(I>2) = 0.18831
Pr(1=3) = 0.12330Pr(I>3) = 0.06501
etc.

Thus, there is about a 23 percent chance of no
intersections, a 77 percent chance of at least one
intersection, a 43 percent chance of more than one
intersection, a 19 percent chance of more than two
intersections, and only a 6.5 percent chance of more
than three intersections. Due to the factorials, the
binomial distribution becomes unwieldy to calculate,
even with a computer, for large values of N. It can
be closely approximated using the Poisson distribu-
tion in the following form:

Pr(x) =

(Np)x e -Np
x!

Again, x would be replaced with the number of
intersections, |. The following tabulation indicates
the similarity of the binomial and Poisson solutions
for the case of a 20- by 40-pile group with

p = 0.002.

No. of Pr() Pr()

Intersections, | (Binomial) (Poisson)
0 0.22685 0.22718
1 0.33686 0.33669
2 0.24978 0.24948
3 or more 0.18651 0.18665



The software package CPGP provides a convenient
means for calculating the distribution of the number
of intersections using the Poisson distribution.

7. Limitations

The probabilistic approach to pile interference
assessment is not a substitute for writing specifica-
tions that are as restrictive as necessary and enforc-
ing them by adequate quality control and quality
assurance procedures. In fact, the probabilistic
procedure depends on such control and implies that
the standard deviation of the actual alignment errors
will not be greater than about one-third to one-half
the specification tolerance. The procedure assumes
rigid piles does not account for bending of battered
piles that are inadequately supported or piles veer-
ing from a straight line due to obstructions.

8. Tolerable Probabilities

The use of a probabilistic procedure implies that
some piles may intersect. If an intersection is
believed to have occurred, the as-driven location
and alignment should be measured to ensure that
the specifications have been met. Then the piles
should be pulled, inspected, replaced if necessary,
and redriven. If one or more intersections go unno-
ticed, the intersecting piles may sustain structural
damage and not provide the design capacity. For
piles to be pulled, costs can be associated with
pulling, redriving, and related delays. These costs
can be multiplied by the expected number of inter-
sections given in paragraph 6 to determine the
expected intersection cost. The probability distribu-
tion for the expected intersection cost can be deter-
mined by multiplying the probability of 0, 1, 2, 3,
etc., intersections by the associated costs of such
intersections. As pile intersections may not always
be apparent, a check should be made of the founda-
tion capacity associated with 1, 2, 3, etc. random
piles being damaged. In the absence of detailed
cost and capacity studies, it would appear prudent
to develop pile layouts such that the probability of
intersection for single piles is less than about 0.002
and the expected number of intersections in a group
is less than about 0.5.
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9. Preliminary Findings

Experience with the probabilistic procedure is
limited at this time. From the previous research,
certain general conclusions can be drawn.

a. Pile length and spacingThe probability of
intersection is sensitive to pile length. For common
pile sizes and spacings, pile lengths shorter than 50
to 60 ft correspond to small probabilities of inter-
section, and lengths greater than 80 to 90 ft corre-
spond to relatively large probabilities of
intersection. Between these ranges, the probability
of intersection increases two or more orders of
magnitude.

b. Placement and alignment tolerance$he
primary factor affecting pile intersection is the
plumb and alignment tolerance, typically set at
0.25 in./ft. Variations in the standard deviation of
the alignment error result in significant changes in
the probability of intersection. Variations in the
standard deviation of the ground placement error
make much less difference. At 0.25 in./ft, the tip of
a 100-ft long pile would deviate 25 in. from its
theoretical location, which is over eight times
greater than the 3 in. maximum deviation caused by
ground placement. Thus, where intersection is of
concern, efforts should be made to carefully inspect
pile alignment in the field.

c. Pile camber and sweepStandard specifi-
cations allow piles to deviate from perfect straight-
ness (References ¢, d, h). The CPGP software
allows the modeling of cambered and swept
(curved) piles. The degree of camber and sweep on
all simulated piles is taken to be that specified but
the direction of curvature is simulated randomly.
While it might be expected that cambered and
swept piles would be more likely to intersect than
straight piles, comparative analyses show a negligi-
ble difference. In a probabilistic model, curved
piles are equally likely to curve away from each
other as toward each other, and these effects tend to
cancel out.
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PILE LAYOUT TO MINIMIZE INTERFERENCE
SAMPLE SPECIFICATION

The following specification wording is suggested to
deal with pile intersection.

Pile Intersection If pile driving conditions
indicate that a driven pile may have intersected
another pile, the Contracting Officer shall
immediately be notified. If the Contracting
Officer believes that an intersection may have
occurred, he may at his option direct the Con-
tractor to survey the location and alignment of
the piles, pull the piles, furnish new piles,

Enclosure 2

2-1

redrive the same piles, or drive new piles. If a
pulled pile was driven within tolerances, full
payment will be made to the Contractor for
pulling the pile, furnishing a new pile (if
required) and redriving the pile at the applica-
ble unit prices for pulling, furnishing, and
redriving piles. If the pile was initially driven
out of the specified tolerances, pulling,
redriving and furnishing a new pile shall be
done by the Contractor at no cost to the
Government.



PILE LAYOUT TO MINIMIZE INTERFERENCE
CHART SOLUTIONS

Figures 3-1 through 3-12 provide chart solutions for
the probability of intersection of a single interior

pile as a function of length and spacing for pile
diameters from 10 to 24 in. Piles are assumed to
be vertical, equally spaced in the x and y directions,
and have zero camber. These charts were devel-
oped using CPGP with the default values for the
standard deviation of the error variables:

O = 1.51n.
g, =15in.
Oy =0.151n

0, = 0.10 in

St

St
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PILE LAYOUT TO MINIMIZE INTERFERENCE

EXAMPLE 1
PILE LENGTH, SPACING, AND DIAMETER OPTIONS
PILE IN UNIFORM CLAY

1. Description

This example illustrates the evaluation of design
alternatives for a pile group in a uniform clay.
Eight alternative designs are developed and the
probability of intersection, expected number of
intersections, and comparative costs and risks of
intersection are determined for each design.

2. Design Requirements and Static Analysis

Assume a group of steel pipe piles are to be driven
in a uniform clay. The piles are to support a load
of 7 kips/sq ft over a 20-ft square area and provide
a factor of safety of 2.5. Thus, the required ulti-
mate capacity of the group is 7.00 x 20 x 20 x 2.5
= 7,000 kips. The static pile capacity is to be
determined by thet method (EM 1110-2-1906).

The undrained strength (or cohesion), &f the

clay is 1,000 Ib/sq ft and the skin resistance,

f (f = as), is 750 Ib/sq ft.

The ultimate pile capacity for a single pile, ,Q
is:

Qult = Qside + Qtip
Qult = pr + gajAtip
Where

Q. IS the ultimate side or shaft resistance
Qqp is the ultimate tip or point resistance

p is the perimeter of the pile

L is the embedded length of the pile

Ay, is the cross-sectional area of the pile tip

The capacity of the group is the lesser of the capac-
ity of a single pile times the number of piles,

Qgroup = nQuIt

or the capacity of the entire group failing as a unit:

Enclosure 4 4-1

Qgroup = pgroud-groupaSJ + NcsuAgroup

where

n is the number of piles in the group

Pgroup IS the perimeter of the group

L group IS the pile length, or embedded depth of

the group

N, is a bearing capacity factor between 5.14

and 9, depending on the width to depth ratio of

the group

Agoup IS the base area of the group
It is assumed that piles can be spaced on 4- or 5-ft
centers; thus, the group can consist of 25 piles
spaced on 5-ft centers as shown in Figure 4-1 or

20 ft —+

G

O © ja0 £+

® O C;Ta?
d o o0+0 o

RO

Figure 4-1. Twenty-five piles on 5-ft centers

36 piles spaced on 4-ft centers as shown in Fig-

ure 4-2. It is further assumed that piles of 12, 14,
16 and 18 in. diameters can be used. By calculat-
ing the required pile length to provide 7,000 kips
ultimate capacity, eight comparative pile designs
were developed using a microcomputer spreadsheet;
an example printout from the spreadsheet is shown
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Figure 4-2. Thirty-six piles on 4-ft centers

in Figure 4-3. The resulting designs are tabulated
below:

A: 36 piles, 4 ft spacing, 12 in. diameter, 80 ft long,
Q¢ = 7,040 kips

B: 36 piles, 4 ft spacing, 14 in. diameter, 70 ft long,
Qu = 7,274 kips

C: 36 piles, 4 ft spacing, 16 in. diameter, 60 ft long,

Q. = 7,238 kips
D: 36 piles, 4 ft spacing, 18 in. diameter, 55 ft long,
Q. = 7,570 kips

E: 25 piles, 5 ft spacing, 12 in. diameter, 120 ft
long, Q,; = 7,245 kips

F: 25 piles, 5 ft spacing, 14 in. diameter, 100 ft
long, Q,; = 7,113 kips

G: 25 piles, 5 ft spacing, 16 in. diameter, 90 ft
long, Q, = 7,383 kips

H: 25 piles, 5 ft spacing, 18 in. diameter, 75 ft
long, Q,; = 7,024 kips

Each of the designs A through H will provide an
ultimate capacity of just over 7,000 kips; however,
each will have a different settlement, a different
probability of intersection, a different cost, and a
different financial risk attributable to possible inter-
section. The settlement calculations are beyond the
scope of this example; however, everything else
being equal, the designs with the greatest pile
lengths (and hence the smaller diameter piles) will
have the least settlement. Probability of intersection
and cost considerations are discussed in the next
section.

3. Probability of Intersection

From the published chart solutions, the probabilities
of intersection for individual piles were determined
for each of the eight designs. Using these proba-
bilities and the group layouts, the probability distri-
bution on the number of intersections was deter-
mined using the software package CPGP. The
results are shown in Table 4-1.

The probability that one or more intersections will
occur varies from about 10 percent for design A to
about one-half of 1 percent for design H, or a
twentyfold difference. The lowest probability of
intersection occurs for the greater pile spacing,
largest diameter pile, and a relatively short pile
length.

4. Financial Risk

Consideration of the expected cost of possible inter-
sections may provide a quantitative perspective to
aid in making design decisions. Representative unit
cost data for this example were provided by the
Cost Engineering Section of the St. Louis District.
Material costs were assumed to vary from $20.00/ft
for 12-in. piles to $29.00/ft for 18-in. piles. Equip-
ment and labor was taken at $530/hr. A set of
productivity curves was provided giving the number
of piles driven per hour as a function of pile length
and diameter. Using these data, the comparative
costs were determined assuming no intersections
occur (Table 4-2).

For this example, the cost of an intersection is taken
to be an additional cost equal to twice the furnish-
ing and driving cost times two piles, as the piles
must be both pulled and redriven, requiring two
additional setups. There may be significant addi-
tional delay costs; these are assumed to be a flat
$2,000.00 per intersection for the purpose of this
example. The financial risk due to the possibility

of intersection is the expected number of
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| Al B I C . D || E I F I G | H |
1 Pile Capacity for Friction Pile in Uniform Clay
2 T.F. Wolff and T.J. Mixter, 19 July 1990
3
4 Undrained Strength on Side, su = 1000.00 psf
5 adhesion factor, alpha = .75
6 skin friction, f = 750.00 psf
7
8 Undrained Strength at Tip su = 1000.00 psf
9 Tip Bearing 9 * su = 9000.00 psf
10
11
12 12 in 14 in 16 in 18 in
13 L, ft Q, kips Q, kips Q, kips Q, kips
14
15 50.00 124.88  147.07 169.65 192.62
16 60.00 148.44 17455  201.06  227.96
17 70.00 172.00 202.04 232.48  263.30
18 80.00 19556  229.53 263.89 298.65
19 90.00 219.13  257.02 295.31  333.99
20 100.00 242.69 28451 326.73  369.33
21 110.00 266.25 312.00 358.14  404.68
22 120.00 289.81 339.49 389.56  440.02
23
24
25  CALCULATING THE GROUP EFFICIENCY OF PILES
26 GIVEN A GROUP OF PILES DIMENSIONED nl1 X n2
27 IN AN AREA Bg X Lg
28
29 nl = 6 <--ee- Lg ----- >
30 n2 = 6 N o 0 o] 0
31 Bg = 21.00 (feet) | A
32 Lg = 21.00 (feet) Bg 0 o] o] o |
33 d = 12 (inches) | nl
34 c = 1000 (psf) V o] o] o] o _
35 D = 80.00 (feet)
36 alpha = .75 | n2 --->
37 spacing = 4.00
38

39 The group capacity is the lesser of the

41 Equation 1:

43 Capacity = nl1 * n

45 wher

51 Capacity =

54 Equation 2:

56 Capacit y =

63 Capacity =

e Qt=At*(9*c)
Qs = (fs * As )

where fs = Ca =

following two equations:

2*(Qt+Qs)=N*(Qt+Qs)

alpha * ¢

As = area of pile in contact with solil

7040 (kips)

2 * (Bg + Lg

) * D * Cav

+[5* Q1+ D/5 Bg) * (1 + Bg/5 Lg)]*Cbh=*Lg* Bg
where Cav = alpha * c

Nc(calc)
Nc(calc)=
Nc =

9009 (kips)

=5*(1+D/5
10.57

/Bg) * (1 +Bg/5/Lg)
(maximum = 9)

Figure 4-3. Example of spreadsheet calculation of group capacity
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Table 4-1
Probability Distribution

Spacing Diameter L P E[l] Pr[l =0] Pr[l >0]
Design ft in. ft (pile) (group) (group) (group)
A 4 12 80 .004 1 .9048 .0952
B 4 14 70 .002 .05 .9512 .0488
Cc 4 16 60 .0006 .015 .9851 .0149
D 4 18 55 .0008 .02 .9802 .0198
E 5 12 120 .005 .08 19231 .0769
F 5 14 100 .003 .048 .9531 .0469
G 5 16 90 .0015 .024 .9763 .0237
H 5 18 75 .0003 .0048 .9952 .0048
Table 4-2
Comparative Costs
Total
Number Pile Pile Driving Driving Material Unit Total
of Diam. Length Time Costs Costs Cost Cost
Design Piles in. ft piles/hr $/it $/ft $/it $
A 36 12 80 1.00 $ 6.63 $ 20.00 $ 26.63 $ 76,680
B 36 14 70 111 $ 6.82 $ 23.00 $29.82 $ 75,149
C 36 16 60 1.25 $ 7.07 $ 25.00 $ 32.07 $ 69,264
D 36 18 55 1.03 $ 9.36 $ 29.00 $ 38.36 $ 75,957
E 25 12 120 .66 $ 6.68 $ 20.00 $ 26.68 $ 80,041
F 25 14 100 72 $ 7.36 $ 23.00 $ 30.36 $ 75,910
G 25 16 90 .69 $ 8.53 $ 25.00 $ 33.53 $ 75,441
H 25 18 75 .60 $11.73 $ 29.00 $40.73 $ 76,365

intersections times the cost of an intersection. The
total expected costs of the alternative designs are
thus:

Base cost + E[l] x4 x L x $/ft + delay cost)

Design A $76,680 + 0.1000 x (4 x 80 x $26.63/ft
+ $2,000) = $77,732

Design B $75,149 + 0.0500 x (4 x 70 x $29.82/ft
+ $2,000) = $75,666

Design C  $69,264 + 0.0150 x (4 x 60 x $32.07/ft
+ $2,000) = $69,409

Design D $75,957 + 0.0200 x (4 x 55 x $38.36/ft
+ $2,000) = $76,166

Design E  $80,041 + 0.0800 x (4 x 120 x $26.68/ft
+ $2,000) = $81,226

4-4

Design F $75,910 + 0.0480 x (4 x 100 x $30.36/ft
+ $2,000) = $76,588

Design G $75,441 + 0.0015 x (4 x 90 x $33.53/ft
+ $2,000) = $75,462

Design H $76,365 + 0.0003 x (4 x 75 x $40.73/ft
+ $2,000) = $76,369

The resulting costs are plotted as a function of pile
diameter in Figure 4-4. The solid curves are the
total direct costs, and the dotted curves are the total
expected costs including the expected cost due to
interference. The two curves provide the designer a
visual characterization of the financial risk of inter-
section. It is noted that the expected cost difference
due to interference is greatest for the designs utiliz-
ing 12 in. piles, where the greatest pile lengths are
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Figure 4-4. Comparative pile group costs

required, and are virtually negligible for the designs
utilizing 18 in. piles, where the comparatively short
pile lengths are associated with very small intersec-
tion probabilities. While the cost differences are
not great in this particular example, they could
differ greatly if the delay costs caused by intersec-
tion were higher.
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PILE LAYOUT TO MINIMIZE INTERFERENCE

EXAMPLE 2
EFFECT OF PLACEMENT AND ALIGNMENT TOLERANCES
ON INTERSECTION PROBABILITY

1. Purpose

The purpose of this example is to illustrate the
possible effect of varying placement and alignment
tolerances on the probability of intersection for a
single pile.

2. Placement Tolerances

The program default standard deviation values for
the pile butt ground location errorsg,, and o,,
(SIGMAX and SIGMAY in the program CPGP),

are 1.5 in. each. As the typical tolerance for pile
butt location is 3.0 in., the normal tolerance corre-
sponds to two standard deviations. The effect of
changing the standard deviations over the range
0.5 in. to 3 in. was evaluated by making a paramet-
ric study involving 18 runs of the program. If the
tolerances are assumed to correspond to two stan-
dard deviations for each case, implying that contrac-
tor tightens or relaxes control over pile placement
consistent with the specified tolerances, then the
parametric study reflects placement tolerances of
1.0 to 6.0 in. The results of the study are shown in
Figure 5-1 where the probability of intersection is
plotted against SIGMAY for three values of
SIGMAX. The heavy line in the figure corresponds
to the case of equal standard deviations in both
directions. All points were obtained using the
program default values for other parameters; i.e., a
14-in. diameter pile 80 ft long, with SIGMAP

= 0.15 in./ft and SIGMAB = 0.10 in./ft. For the
cases analyzed, it is observed that there is a slight
increase in the probability of intersection with
increasing standard deviation, but the variation is
within one-half an order of magnitude. The exam-
ple suggests that the probability of intersection is
not greatly affected by the degree of precision in
the ground location; as the standard deviations (and
possibly tolerances) increase, there is an increasing
chance of the piles being both closer together and
further apart.

Enclosure 5 5-1

3. Alignment Tolerances

The program default standard deviation values for
the pile alignment errorsg,, ando,, (SIGMAP

and SIGMAB in the program), are 0.15 in./ft and
0.10 in./ft, respectively. As the typical tolerances

for pile plumb and batter are 0.25 in./ft, the normal
tolerances correspond to 1.67 and 2.5 standard devi-
ations, respectively. The effect of changing the
standard deviations over the range 0.01 to 0.35 in./ft
was evaluated by making a parametric study involv-
ing 21 runs of the program. The results of the
study are shown in Figure 5-2 where the probability
of intersection is plotted against SIGMAB for four
values of SIGMAP. The heavy line in the figure
corresponds to the case of equal standard deviations
in both directions. All points were obtained using
the program default values for other parameters;
i.e., a 14-in. diameter pile 80 ft long, with

SIGMAX = SIGMAY = 1.5 in. It is observed that
when the standard deviations are assumed to be
equal, the probability of intersection is very sensi-
tive to the standard deviation of the alignment error,
varying almost three orders of magnitude as the
standard deviations are varied from 0.01 in./ft to
0.35 in./ft. Thus, the probability of intersection is
implicitly sensitive to the alignment tolerance and
quality of inspection of the vertical alignment. This
example suggests that the probability of intersection
can be greatly affected by the degree of precision in
setting and checking the pile verticality or deviation
from theoretical batter.
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PILE LAYOUT TO MINIMIZE INTERFERENCE

EXAMPLE 3
PROBABILITY OF INTERSECTION FOR
A GROUP OF OPPOSITE BATTER PILES
WITH UNEQUAL SPACING

1. Introduction

This example illustrates how the software package
CPGP would be used to obtain the probability
distribution for the number of intersections for a
group of 500 piles driven at opposite batters on a
rectangular spacing. This is a case for which a
chart solution is not available.

2. Given Conditions

Five hundred piles support a group of dam mono-
liths. There are fifty columns of ten piles each.
Piles in each column are spaced 6 ft apart (AY = 4)
and the columns are spaced 4 ft apart (AX = 6).
Piles are battered at 1H to 3V. Piles in alternate
columns are driven on opposite batters. The verti-
cal projection of the pile length is 100 ft and the
piles are 16 in. in diameter.

3. Probability of Intersection for a Single
Interior Pile

The probability of intersection for a single interior
pile is determined using the simulation module in
CPGP. The input screen is shown in Figure 6-1.
Default values are used for the number of trials, the
maximum error, the standard deviations of the
placement and alignment variables, and the camber
parameter. The run-time screen at the end of the
simulation is shown in Figure 6-2. The estimated
probability of intersection for a single interior pile
was found to be 0.001597, or approximately 0.0016.
Note that replicating this example will give a some-
what different value as a different set of random
numbers is generated for every run of the program.
The true value for the probability of intersection is

a random variable with expected value of 0.001597
and a standard deviation etandard errorthat
decreases in proportion to the square root of the
number of iterations. The simulation terminated
when the standard error was less than 15 percent of

Enclosure 6 6-1

the estimated probability, or in this case, 0.000242
(14.9 percent). Assuming the true probability to be
normally distributed about the best estimate, the
confidence limits on P[l] are obtained (Table 6-1).
For practical purposes, there is a relatively high
degree of confidence that the required probability
lies between 0.001 and 0.002, which is sufficient
information for decision-making, and the value of
Pr[l] will be taken at 0.001597.

4. Output File

Detailed information regarding what occurred dur-
ing the simulation can be obtained by inspection of
the program output file shown in Figure 6-3. For
each intersection, this file provides the trial number,
the number of the pile struck by the interior pile
(pile 5), the coordinates of the intersection, and the
updated probability and error bounds. It is ob-
served that all of the intersections occurred with
piles 2 and 8, the piles ahead and behind the center
pile in the y direction, which are more closely
spaced than those in the x direction. The shallow-
est intersection took place at a depth of 68.8 ft, with
most intersections occurring in the 80 to 95 ft
range. The calculated probability of intersection
varies from 0.001091 to 0.003333 early in the simu-
lation; as the number of trials increases, the error
bounds tighten and the probability of intersection
fluctuates by progressively smaller increments.

5. Probability Distribution for the Group

The probability distribution for the number of inter-
sections on the group is determined using total
intersection module in CPGP. The program screen
is shown in Figure 6-4. The program is provided
with the probability of intersection for a single pile
(0.001597), the number of rows (10), and the num-
ber of columns (50). The program calculates the
number of equivalent interior piles (441), the
expected number of intersections in the entire
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PILE INTERFERENCE SIMULATOR
Last revision -- March 27, .1990

Enter Ontput File Name
? b:out

T. F. Wolflf
MICHIGAN STATE UNIVERSITY

Use Up and Down Cursor to Select Data te Edit
Use Left or Right Cursor to Provide Input

Kumber of trials ntrials = 30000

Maximum Error ErrorMax = 15.0 percent

Pile spacing in x direction, ax = §.00 feet

Pile Spacing in ¥ direction, ay = 4,00 feet

.Pile diameter, D = 16.00 inches

Vertical embedment, L = 130.00 feet

Std dev of x error, sigmax = 1.50 inches

8td dev of ¥ error, gigmay = 1.50 inches

Std dev of plumb error, sigmap = 0.15 inches per foot
Std dev of batter error , sigmab = 0.10 inches per foot
Camber / sweep, camber = 0.125 inches per 10 ft
Batter, 1 H to (+})B1 V {0 for vert) Bt = 3.0

Batter of Adj. Row, 1H:B2V (- far .opp} B2 = -3.0

k% GO REX

Figure 6-1. Input screen

ANALYSIS COMPLETE -— RUN NEUW

ax = 6
au = 4
D = 16
L = 1928
. sigmax = 1.5
% signay = 1.
= sigmap = .15
. sigmabh = .1
camber = 125
batterl = 3
P o batterZz = -3
=] e} =]
L=} =] L=
&<
28172 Trials 45 Intersectiong
P — (1 std error) = B.B881359 :
PROBABILITY OF INTERSECTION = B.BélSB? 1 in 626
p *+ (1 std error) = 8.881835 E
normalized std error = 14.9 u«

CASE 7 (Y or N) 7 |}

Figure 6-2. Run-time screen for PILINT
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15 Apr 92
Table 6-1
Confidence Limits
Error Percent
Bounds Value Bounds Confidence
+ 1o 0.001597+0.000242 0.001359 68.27 %
0.001835
+ 20 0.001597+0.000484 0.001113 95.45 %
0.002081
+ 30 0.001597+0.000726 0.000871 99.73 %
0.002323

group (0.704), and the probability distribution on
the number of intersections. From the program
output, it is seen that there is approximately a

49 percent chance of no intersection, a 35 percent
chance of one intersection, a 12 percent chance of
two intersectionsa 3 percent chance of three

6-3

intersections, and a very small chance of four or
more intersections. This is somewhat in excess of
the suggested criteria of E[l] < 0.5; however, it may
be acceptable, and would require an engineering
judgment based on the risks and consequences of
one or two intersections occurring.
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PILE INTERFERENCE SIMULATOR
Version: March 27, 1990
Run at: 15:10:53 on 09-11-1990

T. F. Wolff
Michigan State University

X spacing ax = 6 feet

y spacing ay = 4 feet

Diameter D = 16 inches

Length L = 100 feet

X error sigmax = 1.5 inches

y error sigmay = 1.5 inches

plumb err sigmap = .15 in/ft

batter err sigmab = .1 in/ft

camber camber = .125 in per 10 ft

batter IH: 3V

adj batter 1H : -3 V

Trial Hit Pile x y z p- Prob p+

300 1 8 0.3 26.8 77.2 0.000006 0.003333 0.006661
924 2 2 -11 281 87.6 0.000636 0.002165 0.003693

1311 3 2 0.6 281 87.2 0.000969 0.002288 0.003608
1797 4 2 -0.2 274 875 0.001114 0.002226 0.003338
3060 5 8 05321 92.0 0.000904 0.001634 0.002364
5499 6 8 0.2 270 77.6 0.000646 0.001091 0.001536
5784 7 8 0.4 30.8 89.3 0.000753 0.001210 0.001667
5980 8 2 05 26.7 86.1 0.000865 0.001338 0.001810
7182 9 8 0.8 314 883 0.000836 0.001253 0.001671
7276 10 2 -1.3 25.8 83.0 0.000940 0.001374 0.001809
8960 11 2 16 288 90.4 0.000858 0.001228 0.001598
11337 12 8 0.4 29.6 88.0 0.000753 0.001058 0.001364
11428 13 2 04 288 89.2 0.000822 0.001138 0.001453
11441 14 2 1.0 30.0 935 0.000897 0.001224 0.001551
12001 15 2 -04 259 80.8 0.000927 0.001250 0.001572
12905 16 8 -1.1 26.6 77.2 0.000930 0.001240 0.001550
13911 17 8 0.1 304 86.5 0.000926 0.001222 0.001518
13919 18 8 -0.4 284 80.1 0.000989 0.001293 0.001598
14000 19 2 -1.0 282 87.4 0.001046 0.001357 0.001668
14318 20 8 -0.8 315 91.3 0.001085 0.001397 0.001709
15217 21 8 -0.1 32.0 93.0 0.001079 0.001380 0.001681
15918 22 2 0.3 27.7 854 0.001088 0.001382 0.001677
16448 23 8 -1.1 320 91.6 0.001107 0.001398 0.001690
16867 24 2 -09 25,7 825 0.001133 0.001423 0.001713
17227 25 2 -0.3 29.2 88.2 0.001161 0.001451 0.001741
17297 26 2 10 28.6 89.8 0.001209 0.001503 0.001798
17332 27 8 -0.7 28.2 83.7 0.001258 0.001558 0.001857
17917 28 2 -0.7 27.8 84.7 0.001268 0.001563 0.001858
18000 29 8 -0.6 254 73.2 0.001312 0.001611 0.001910
18904 30 2 10 293 916 0.001297 0.001587 0.001876
19280 31 8 04 30.7 882 0.001319 0.001608 0.001896
19954 32 8 -0.2 285 80.0 0.001320 0.001604 0.001887
20083 33 2 -08 214 68.8 0.001357 0.001643 0.001929
20575 34 8 0.2 294 855 0.001369 0.001652 0.001936
21203 35 8 0.6 30,9 884 0.001372 0.001651 0.001930
21278 36 8 -0.4 320 904 0.001410 0.001692 0.001974
22034 37 2 0.7 27.2 87.3 0.001403 0.001679 0.001955
22149 38 8 -1.5 334 93.3 0.001438 0.001716 0.001994
22662 39 8 0.1 322 94.2 0.001446 0.001721 0.001996
23256 40 8 11 270 74.1 0.001448 0.001720 0.001992
24535 41 2 -09 283 93.0 0.001410 0.001671 0.001932
27174 42 2 -1.1 289 91.8 0.001307 0.001546 0.001784
27571 43 8 0.6 31.9 89.4 0.001322 0.001560 0.001797
27869 44 2 13299 938 0.001341 0.001579 0.001817
28172 45 8 0.3 29.2 833 0.001359 0.001597 0.001835

%Error
99.83
70.63
57.67
49.94
44.68
40.80
37.77
35.33
33.31
31.60
30.13
28.85
27.72
26.71
25.80
24.98
24.24
23.55
22.93
22.35
21.81
21.31
20.84
20.40
19.99
19.60
19.23
18.88
18.55
18.24
17.95
17.66
17.39
17.14
16.89
16.65
16.43
16.21
16.00
15.80
15.60
15.42
15.24
15.06
14.90

Figure 6-3. Listing of output file
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Program PILTOTAL
Total Probability of Intersection for a pile group
T. F. Wolff - Michigan State University - April 1990

Number of rows, m = 7 10 Number of Piles = 500

Number of columns, n = ? 50 Equivalent interior piles = 441

Prob of Intersection Expected Number :

for one pile, p = 7 .001597 of Intersections, E[I] = .704277

. Pr{I= 0) = 0.494466 Pr{I> 0) = 0.505534 Pr{(I<= 0} = 0.494468
- Pr{I= 1) = 0.348241 Pr{I> . 1) = 0.157293 Pr{l<= 1) = 0.842707

Pr{l= 2) = 0.122629 Pr(I> 2) = 0.034664 Pr{I<= 2) = 0.966336

Pr{I= 3) = 0,028788 PriI> 3) = 0.005876 Pr(lI<= 3} = 8.994124

Pr{l= 4) = 0.0050869 Pr{I> 4) = 0.000807 Pr(I<= 4) = 0,999193

Pr{Iz= 5) = 0.000714 Pr{I> 5) = 0.000093 Pr{I<= 5) = 0,999907

Pr(i= 6) = 0.000084 PriI> 6) = 0.000009 Pr{lI<= 6) = 0.999991 -

Pr(I=-7) = 0.000008 Pr(I> 7) = 0.000001 PriI<= 7) = 0,999999

Pr(I= 8} = 0.000001 Pr{i> 8) = 0.000000 Pr{Ii<= B) = 1.000000

Pr{lI= 9) = 0.000000 Pri{I> 9) = 0.000000 Pr(I<= 9) = 1.000000

Pr{I=10) = 0,000000 Pr{I>10) = 0.000000 Pr{I<=10} = 1.000000

Type Q to Quit, or Press Return to Run Again?

Figure 6-4. Run-time screen for PILTOTAL



